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Introduction
Magnetic tweezers (MT) have become a common single-molecule manipulation technique and are widely used to probe the elasticity of supercoiled DNA and the dynamics of DNA processing enzymes involved in modulating chromosome architecture [ 1 ] . Most MT instruments are designed to stretch out a single tethered DNA molecule orthogonal to the microscope coverslip surface (ÒlongitudinalÓ configuration). Positioning of fixed pole magnets above the surface causes a superparamagnetic microsphere (SP-MS) attached at the untethered end of the DNA molecule to move away from the coverslip surface, thus stretching out the DNA molecule. The force acting on the DNA molecule is altered as the vertical position of the magnets is changed. In this longitudinal MT (L-MT) geometry it is possible to negatively and positively supercoil the tether by rotating the magnets, if the DNA molecule is attached to the SP-MS and 1 1 1,* 1 positively supercoil the tether by rotating the magnets, if the DNA molecule is attached to the SP-MS and coverslip surfaces via both DNA strands, i.e., torsionally constrained [ 2 ] . The dynamics of DNA processing enzymes can be studied using L-MT; however, in these experiments enzymatic activity is inferred from changes in DNA tether length and/or linking number [ 3 ] . This results in all information on the location of the enzymatic event on the DNA tether being lost. In addition, L-MT experiments necessitate a long-lived DNAÐenzyme complex, thus it is not feasible to study enzymes or proteins that associate with DNA but do not alter its topology, e.g., proteins undergoing 1D sliding on DNA.
Although the majority of magnetic tweezers systems adopt the longitudinal configuration there are a few systems designed for use in a horizontal or ÒtransverseÓ configuration, i.e., transverse magnetic tweezers (T-MT). These systems utilize the same basic principle as L-MT, whereby a single tether is extended between a stationary surface and a SP-MS moving in response to an applied magnetic field. However, unlike the longitudinal configuration, the tether is extended in the focal plane of the objective lens. This affords the notable advantage of permitting real-time observation of events on the tethered substrate, as with laminar flow extension and optical tweezers manipulation of DNA, while maintaining the ability to introduce positive or negative twist into the DNA molecule.
Currently, no standard configuration for a T-MT microscope exists, with relatively few systems having thus far been published. One of the first examples was reported by Danilowicz et al., where DNA tethers were formed between a SP-MS (2.8 !m diameter) and the antibody-functionalized surface of a cylindrical capillary (330 !m diameter) [ 4 ] . This assembly was placed inside a square micro-cell (600 !m crosssection), which permitted fluidic sample delivery and buffer exchange. Force was applied using a stack of five permanent magnets (each 6.4!"!6.4!"!2.5 mm ) placed to one side of the micro-cell and the corresponding SP-MS response observed using a 10" objective lens (NA!=!0.25) placed underneath the sample. Although not explicitly stated, the low resolving power of the optics indicates a long working distance and was likely a compromise designed to permit both wide-field imaging and close proximity of the magnet stack and sample. While this allowed forces up to 30 pN to be measured simultaneously for dozens of tethers, the low magnification of the microscope limited its use to the reported multiplex application.
The compromise of low magnification in favor of a higher applied force was reversed in a similar design reported by Graham et al. [ 5 ] . In this system, tethers were formed directly onto the micro-cell surface (1 mm cross-section; VitroCells; VitroCom) and extended at an acute angle relative to this surface. Fluorescence imaging was done through the bottom surface of the micro-cell using a 60" magnification oil-immersion objective lens (NA!=!1.25, PlanApo; Olympus) and epi-illumination. The SP-MS (Dynabeads M-280; Invitrogen) was manipulated using a stack of four cubic NdFeB magnets (12.7 mm cross section) held perpendicular to the objective lens optical axis on the end of a micromanipulator. With this configuration, forces up to 3 pN were tested; higher applied forces may have been possible but this was not reported.
Using an electron-multiplying CCD camera, Graham et al. were able to observe DNA-binding by the proteins Fis, HU and NHP6A with a high signal-to-noise ratio [ 5 ] ; however, epi-illumination ultimately limits the contrast possible through significant bulk fluorescence excitation. This can be addressed via implementation of total internal reflection fluorescence (TIRF) microscopy as demonstrated by Schwarz et al. [ 6 ] . Fundamentally, the microscope configuration is nearly identical to that reported by Graham et al., but with tethers formed from the lower surface, permitting TIRF) illumination. This is only a partial solution, because the finite SP-MS diameter will result in non-horizontal tether inclination and limit the amount of DNA within the evanescent field. For typical 1 !m diameter SP-MS, only one-fifth of the tether will be within the 100 nm penetration depth of the evanescent field. While the exponential field decay will likely result in observation beyond this range, a significant decrease in fluorescence intensity would be observed. This would make molecular tracking and stoichiometry of DNA-associated protein complexes difficult to quantify. Similar to the epifluorescence system, this method also suffers from limited force generation, with the highest reported value being 1.5 pN when using a single cubic permanent magnet (5!"!5!"!1 mm ; Q-05-05-01-HN; Supermagnete). A permanent magnet-based tweezers system has also been reported by van Loenhout et al. [ 7 ] . They used a standard longitudinal configuration to initially twist DNA, but with a second magnet to pull the coiled tether horizontally. This was used in conjunction with the fluorescent dye Cy3 to view plectoneme dynamics in DNA. While demonstrated using epifluorescence, such a configuration is not too dissimilar to that described by Schwarz et al. [ 6 ] . As with the methods of Graham et al. and Schwarz et al., lateral forces appear to be restricted, with magnitudes no greater than 3.2 pN reported.
An alternative approach to realization of a T-MT is to use electromagnets, whereby electromagnetic coils placed either side of the sample generate a relatively uniform magnetic field [ 8 ] . While this configuration was reported to yield forces of ~15 pN (using M280 SP-MS; Invitrogen), the use of a water-immersion objective necessitated a larger coil spacing, thus limiting forces to ~1.7 pN. Furthermore, resistive heating of the coils required implementation of an active water-cooling system; a problem characteristic of electromagnets [ 8 , 9 ] . Through implementation of micro-fabricated electromagnets, Chiou et al. were able to achieve three-dimensional control of magnetic substrates [ 10 ] . This configuration was reported to benefit from reduced heat generation and produce applied forces exceeding 20 pN when acting on 2.8 !m diameter SP-MS, while maintaining compatibility with high numerical aperture light microscopy and epiillumination [ 10 ] . The notable disadvantage of such electromagnetic approaches is a significant increase in implementation complexity relative to a permanent magnet-based tweezers systems.
Several methods to manipulate individual DNA molecule extension while permitting simultaneous singlemolecule fluorescence observation have been reported. Despite this, there is no easily applicable, standardized approach for manipulating twist in a horizontal DNA template. The emerging trend is to adapt the established L-MT technique, in which DNA is extended orthogonally from the tethering substrate, to permit extension within the observable plane of the microscope. However, the relatively few published techniques are limited in at least one of the following: maximum achievable applied force, optical spatial resolution and the capacity to generate truly horizontal tethers. Compromise between force and resolution is necessary since short sample-to-magnet separations are required to apply high force, yet such positioning is generally precluded by the large objective lenses used for high numerical aperture microscopy. Similarly, high spatial resolution and truly horizontal tethers have thus far been mutually exclusive, with inclined extension from the lower sample surface used in conjunction with TIRF microscopy.
There is a need for an easily implementable approach to allow single-molecule localization experiments to be conducted on torsionally constrained and characterizable DNA tethers. This can be realized through implementation of design alterations to the aforementioned horizontal magnetic tweezers configurations. Firstly, use of thin fluid cells (<10 !m) in which experiments are conducted limits bulk fluorescence excitation, thus facilitating use of epi-illumination, as opposed to spatially restricted TIRF illumination. As a result, tethers can be extended horizontally in the center of the sample chamber, rather than attached to the lower surface and extended at an acute angle. Secondly, use of a long-working distance objective lens to permit reduced sample-to-magnet separations increases the applicable force range dramatically. Finally, use of nanoscopic fluorescent probes (e.g., TransFluoSpheres; Invitrogen), rather than individual extrinsic organic dyes, reduces the deleterious effects sample photobleaching can have on the length of time over which DNA-associated events can be tracked. Additionally, the relatively large number of fluorophores present in a single TransFluoSphere further facilitates implementation of epifluorescence imaging, where reductions in signal-to-noise ratio relative to TIRF microscopy are inevitable.
In this chapter, a T-MT instrument is described which incorporates permanent magnets and a longworking distance microscope objective (Fig. 1 ) . This enables the permanent magnetÐsuperparamagnetic microsphere distance to be minimized, thus increasing the maximum force that can be applied to the DNA tether. This allows a single DNA tether to be manipulated at extensions equal to the molecular contour length determined by the B-form helix (=0.338 nm rise per base pair multiplied by number of base pairs in the DNA tether), where intramolecular interactions would occur with a very low probability (probability of loop formation in stretched polymer chain estimated in ref. 11 ) and protein-mediated (probability of loop formation in stretched polymer chain estimated in ref. ) and protein-mediated DNA looping could be probed. This design enables the entire length of the tether to be imaged using wide-field epifluorescence microscopy at video rate (30 Hz) (Fig. 2 ) in an easily constructed, thin (~9 !m) sample chamber (Fig. 3 ). This will allow fluorescently labeled targets to be visualized and tracked on the DNA tether as a function of DNA extension, i.e., applied force. By tracking the bright-field image of the SP-MS at a high sampling frequency (#60 Hz), the variance of the SP-MS excursions in the lateral direction could be measured and, with the equipartition theorem, used to estimate the applied force on the DNA molecule (Fig. 4a ) [ 2 , 12 ] .
Fig. 1
Schematic diagram showing tethering configuration for generating horizontal DNA tethers with a defined orientation. A single DNA tether is attached at one end to a 9 !m diameter anti-digoxigenin IgG:Protein A/GProtein A/G:anti-digoxigenin IgG functionalized (PAG-AD) microsphere and at the other end to a streptavidin-functionalized superparamagnetic microsphere (SP-MS). The tether is extended horizontally using the force exerted on the superparamagnetic microsphere by a pair of permanent magnets. Fluorescently labeled DNA-bound protein could be observed from below using a long working-distance objective lens and wide-field epifluorescence microscopy Fig. 2 (a) Optical configuration of the ÒlongitudinaltransverseÓ magnetic tweezers epifluorescence microscope. Bright-field illumination from a blue LED passes through the laser-coupling dichroic and is focused onto the CMOS camera by the tube lens. The excitation laser beam is expanded 4" using a Galilean beam expander and focussed to the back of the objective lens, whereby it excites fluorophores in the sample. Fluorescence emission follows the same path as transmitted bright-field light, but it is chromatically
control. A section cut from the stage allows the magnet pair to be brought into close proximity of the sample. The magnet pair is held in a clamp on the end of a rod connected to a steppermotor-controlled rotational stage and the entire magnet-control assembly is placed on a one-dimensional micrometer-controlled translational stage, permitting precise movement of the magnets towards the sample. Since magnets are held with friction, magnet-pair separation can be easily adjusted if required MT epifluorescence microscope. Sample containing ~0.1 nM TransFluoSpheres (diameter!=!40 nm, ! !=! 488 nm, ! !=!655 nm) and SP-MS (diameter!=!2.8 !m) was viewed using an intensified CCD camera. The SP-MS are intrinsically fluorescent, thus a narrow (655/20) band-pass filter must be used to select the TransFluoSphere fluorescence emission
The extension of the horizontal DNA was determined directly by measuring the distance between the pedestal microsphere (9 !m diameter, functionalized with Protein A/G:anti-digoxigenin IgG) and the superparamagnetic microsphere ( SP-MS functionalized with streptavidin) (Fig. 1 ) , then subtracting the microsphere radii. The entropic elastic response of long DNA tethers (6000Ð36,000 base pairs, B-form contour length!$!2Ð12 !m) was measured (i.e., applied force versus extension of DNA tether, Fig. 5 ), and it compared favorably to the predictions of the worm-like chain model for a persistence length of 53 nm [ 13 , 14 ] . In addition, we show that SP-MS can be spun at up to 6.7 Hz (Fig. 4b ) by rotating the magnetic field on an axis coincident with the helical axis of the extended DNA tether. If a torsionally constrained DNA tether were utilized [ 2 , 15 ] , then positive or negative twist could be introduced at a constant elongational force to generate DNA supercoils. Simultaneous observation of the DNA tether by epifluorescence microscopy is possible and individual 40 nm diameter TransFluoSpheres can be detected (Fig. 4c ) . This enables fluorescently labeled proteins to be tracked and their stoichiometry to be quantified while the degree of DNA supercoiling is monitored or actively manipulated in real-time. Plot of measured force as a function of DNA tether extension. A small initial force (<1 pN) is required to achieve a relative extension of 0.8; however, the force necessary to continue extension increases rapidly beyond this point. This entropic elastic response is in good agreement with the theoretical, worm-like chain model (36,000 bp DNA contour length!=!12.2 !m, persistence length!=!53 nm). Inset bright-field images: Video frames taken from a longitudinaltransverse magnetic tweezers experiment, where increasing force applied by the magnet pair (relatively positioned at the top of the image) pulls the smaller superparamagnetic microsphere away from the larger, stationary microsphere (bottom of image). Agreement here further demonstrates the successful and reliable manipulation of a single DNA molecule 2. 
